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Abstract 
One way for a reduction in the release of carbon dioxide (CO2) to the atmosphere is to inject CO2 into deep saline 
geological formations. Reactive transport modeling of hydrogeochemical processes is necessary to evaluate the 
behavior and performance of CO2 geological sequestration. In this paper, we present two examples, (1) short-term 
changes in groundwater chemistry, and (2) long-term fate of injected CO2, to illustrate applicability of the modeling. 
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1. Introduction 
A reduction in the release rate of carbon dioxide (CO2) to the atmosphere is considered as an essential 
first step in the control of global warming. One way of achieving this is to inject CO2 into deep saline 
geologic formations. Numerical modeling of hydrogeochemical processes is necessary to evaluate the 
behavior and performance of the CO2 injection, because aluminosilicate mineral alteration is very slow 
under ambient deep-aquifer conditions and is not amenable to experimental study. 
Changes in water chemistry induced by CO2 injection in a storage formation can be studied using 
reactive transport modeling [1, 2]. The potential for leakage from CO2 storage formations into potable 
aquifers and its impact on groundwater quality is another issue that can also be addressed by the 
modeling. Reactive transport modeling is an important tool to study the fate and transport of injected 
CO2, the amount of CO2 dissolved in groundwater and trapped by carbonate minerals, and the variations 
of these trapping mechanisms over time [3]. Modeling is also an important tool to study storage security 
issues such as cap rock integrity and wellbore cement degradation [4]. 
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In this paper, we will discuss two examples, (1) short-term changes in groundwater chemistry in a 
storage formation, and (2) long-term fate of injected CO2, to illustrate the importance of modeling of 
water-gas-rock interaction coupled with multi-phase fluid flow for CO2 geological sequestration. 
2. Modeling tool 
As mentioned above, comprehensive reactive transport models have been developed and applied to 
solve field scale problems, incorporating aqueous reactions, mineral dissolution and precipitation under 
equilibrium and kinetic conditions, and CO2 dissolution and exsolution, all of these coupled to multiphase 
CO2-water flow models. Among these models, TOUGHREACT has been widely used [5]. A broad range 
of subsurface thermal-physical-chemical processes are considered under various thermo-hydrological and 
geochemical conditions (for further details can be found in [5]). The following two examples were 
simulated with TOUGHREACT. 
3. Changes in groundwater chemistry 
To demonstrate the potential for geologic storage of CO2 in saline aquifers, the Frio Brine Pilot was 
conducted, during which 1600 tons of CO2 were injected into a high-permeability sandstone and the 
resulting subsurface plume of CO2 was monitored using a variety of hydrogeological, geophysical, and 
geochemical techniques [1]. Fluid samples were obtained before CO2 injection for baseline geochemical 
characterization, during the CO2 injection to track its breakthrough at a nearby observation well, and after 
injection to investigate changes in fluid composition and potential leakage into an overlying zone. 
Following CO2 breakthrough at the observation well, samples showed sharp drops in pH, pronounced 
increases in HCO3- and aqueous Fe, and significant shifts in the isotopic compositions of H2O and 
dissolved inorganic carbon.  
Based on a calibrated 1-D radial flow model, reactive transport modeling was performed for the Frio 
Brine Pilot. This flow model was designed to match the CO2 breakthrough curve at the observation well, 
by setting the irreducible liquid saturation Slr to an artificially high number (Slr = 0.75), to account for the 
fact that in the real formation, buoyancy flow and reservoir heterogeneity result in significant bypass of a 
large fraction of the formation. To capture the concentration evolution of aqueous species at the 
observation well, the 1-D radial model is used considering that samples collected at the observation well 
are a mixture of waters from all along the vertical column. 
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Fig. 1. Profile of dissolved CO2 (mainly HCO3-) concentration at the observation well (30 m away from the injection well)(left); 
Profile of dissolved Fe (mainly Fe2+(aq)) concentration at the observation well (right). 
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Increases in HCO3- concentration were well reproduced by an initial simulation (Fig.1, left). A simple 
kinetic model of iron (Fe) release from the solid (siderite) phase was developed, which can reproduce the 
increases in aqueous Fe concentration following the CO2 breakthrough (Fig.1, right). Later, observed 
aqueous Fe concentrations decreased due to carbonate precipitation, this trend can be also captured by our 
modeling. The model provides a method for estimating potential mobile Fe inventory, and its bounding 
concentration in the storage formation from limited observation data. The method may be useful for 
future studies on mobility of other heavy metals such as Zn and Pb. More details can be found in [2]. 
4. Long-term fate of injected CO2 
CO2 injected into deep saline formations will tend to migrate upwards towards the cap-rock because 
the density of the supercritical CO2 phase is lower than that of aqueous phase. In the upper portions of the 
reservoir, CO2 dissolution into brine decreases pH and induces mineral dissolution and complexing with 
dissolved ions to form NaHCO3, CaHCO3+, MgHCO3+, and FeHCO3+. Over time these processes will 
increase CO2 solubility, enhance solubility trapping, and will increase the density of the aqueous phase. 
These processes together with changes in rock properties induced by CO2 injection into a China Songliao 
Basin sandstone formation have been studied using a generic 2-D radial well flow model.  
Injection of CO2 was applied at the bottom portion with a constant rate of 30 kg/s (corresponding to 
0.95 Mt/year) for a period of 20 years. The 2-D radial model of fluid flow and geochemical transport was 
simulated for a period for 1,000 years, which is a relevant time scale for CO2 geological sequestration. 
We considered a system with initially homogeneous porosity and permeability. Changes in porosity and 
permeability due to mineral alteration could seed fluid dynamics instability and promote convective 
mixing. Hydrological and geochemical conditions and parameters were taken from [5][6]. Dissolution 
and precipitation are considered under kinetic conditions. 
Simulation results indicate that the supercritical CO2 fluid injected close to the bottom of the storage 
formation migrates upward rapidly (Fig. 2, left). A small fraction of CO2 gas is trapped in the porous rock 
as residual gas after injection. The residual gas trapping keeps CO2 dissolving into brine and precipitating 
carbonate minerals, and gradually disappears at the bottom of the reservoir. With time, most of the free 
CO2 gas accumulates below the cap rock, and then spreads laterally. 
With the migration of CO2 gas, the concentration of dissolved CO2 rapidly increases to values larger 
than 1 mol/kgH2O in the two-phase region (Fig. 2, center). Over time, they tend to increase dissolved CO2 
and enhance solubility trapping. Fig. 3a shows “finger” flow patterns near the bottom of the CO2 plume 
due to advection in the aqueous phase that is triggered by an increase in density due to CO2 dissolution. 
Minerals such as anorthite and chlorite dissolve in the two-phase region and near the front of the single 
aqueous-phase zone, supplying reactants for carbonate mineral precipitation: some amount of siderite and 
ankerite (Fig. 2, right) and significant amounts of dawsonite precipitate, sequestering injected CO2 
(mineral trapping). At the same time, clay minerals such as smectite-Na precipitate.  
The mineral trapping starts at a late stage (about 100 years) and then increases linearly with time. 
Amounts of CO2 trapped in different phases and variations of different storage modes with time are 
estimated. After 1,000 years, 54% of the injected CO2 could be trapped in the solid (mineral) phase, 13% 
in the aqueous phase, and 33% in the gas phase.  
Mineral alteration and CO2 trapping capability depends on the primary mineral composition. 
Precipitation of siderite and ankerite requires Fe2+, which can be supplied by the dissolution of iron-
bearing minerals, such as chlorite, or by reduction of Fe3+ in small amounts of hematite. Variation in Ca 
content in plagioclase significantly affects carbonate mineral precipitation, and thus CO2 mineral 
trapping. The time required for mineral alteration and CO2 sequestration depends on the rates of mineral 
dissolution and precipitation. 
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Figure 2. Distribution of supercritical CO2 phase saturation at 500 yr for the 2-D radial injection model (left); distribution of total 
dissolved CO2 (mol/kg H2O) at 1000 yr (center); distribution of ankerite precipitation at 1000 yr (right). 
5. Conclusions 
Two examples presented here demonstrate that reactive modeling is a useful tool to study changes of 
chemistry induced by CO2 injection, and long-term fate and transport of CO2. The modeling provides 
valuable insights regarding the physical and chemical consequences of CO2 injection in the subsurface 
environment. The results are, however, constrained by parameter uncertainties, for which special care 
must be taken.   
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